Abstract. In the present work, the evolution of the phase stresses in a 0.68 wt%C pearlitic steel is analyzed by synchrotron diffraction during uniaxial tensile loading, at room temperature. The diffraction measurements were done at ESRF beamline ID15B (Grenoble, France). The microstructure of the studied material, obtained after an austenitizing at 1050°C for 7 minutes followed by cooling under blowing air, corresponds to fully pearlitic steel with a cementite volume fraction of about 12.5%. As expected, the results show a clear effect of elastic and plastic anisotropy in the both phases. For the interpretation of the diffraction data, different models are compared. In elastic range and for small plastic deformation, the self-consistent model presents the best agreement with the experimental data. For large plastic deformation, this model does not predict correctly the stress partitioning between the phases as well as the macro behavior of the studied steel. Therefore a mixture model "(1-x)*self-consistent model + x*Taylor" was used to take into account the interaction between the phases.
Study of Stress Partitioning in a 0.68 wt%C Pearlitic Steel
Using High Energy X-Ray Synchrotron Radiation 
Introduction
Offering an excellent combination of ductility, strength and cost, the fully pearlitic steels are the most used plain carbon steels in manufacturing to produce wires for reinforcing tires, cables for suspension bridges, engineering springs for automotive and railroads. The role of the microstructure and specially the interlamellar space in the mechanical behavior and fatigue resistance of pearlitic steels has been studied in previous works [1, 2] . In-situ diffraction technique during mechanical loading is a powerful method to investigate the mechanical behavior of the phases and the stress partitioning between the cementite and the ferrite [2] [3] [4] [5] . Only few results concerning the role of the lamellar cementite in the hardening of the fully pearlitic steel have been reported [1, 2] . We propose in this study to apply to fully pearlitic steel an approach based on the analysis of the mechanical properties of the polycrystalline material at the grain and phase scale using synchrotron X-ray diffraction technique and elasto-plastic models.
Material
The pearlitic steel EN C70 (SAE 1070) investigated in this study was produced by ASCOMETAL France Company in the form of bars of 80 mm in diameter. Its chemical composition is given in Table 1 . The bars were submitted to an austenitizing at 1050°C for 7 minutes followed by cooling under air blown. The resulting microstructure consists of entirely pearlite colonies having an average size of 7-8 µm with cementite plates lamellae spaced by 170 nm (Fig. 1) . The cementite fraction was estimated at 12.5 vol % using Rietveld phase quantification from X-ray diffraction data. The mechanical properties of the obtained microstructure are reported in Table 2 . Experimental setup X-ray diffraction measurements in a transmission mode were carried out during in situ tensile test on the studied steel at the European Synchrotron radiation Facility (ESRF, ID15B beamline). Monochromatic high energy X-ray synchrotron radiation (~90 keV, λ=0.14256 Å) with a beam size of 100 µm x 100 µm was used for measurements of lattice strain evolution in both phases (ferrite and cementite) independently during increasing of macroscopic applied tensile stress. Measurements were performed for numerous ferrite and cementite reflections in order to study the anisotropic effects on the loading transfer. Two dimensional diffraction patterns, measured in the range 2θ = 1.9°-15.5°, were recorded by the Thales PIXIUM 4700 detector and integrated using the FIT2D software [6] and converted in d-spacing. Then, a pseudo-Voigt function was fitted to the measured diffraction profiles and the peak positions were determined using the MULTIFIT software [7] .
Results and discussion
Lattice strain evolution under tensile loading. The elastic lattice strains in the axial loading direction (ε 11 ) and also in the transverse loading direction (ε 22 ) were determined in both phases, for various reflections (Fig. 2) . In the range of elastic deformation, the plots of phase lattice strains vs macroscopic applied stress (Σ 11 ) show similar values of lattice strains for both phases of the studied steel (Σ 11 ≤ 500 MPa). The slopes were quite similar but the responses of phases, under loading, depend on the (hkl) planes (Fig. 2) . Under larger imposed strain corresponding to macroscopic stress level higher than 500 MPa, the lattice strains of ferrite are approximately constant, while those of cementite increase significantly with the increasing applied tensile stress (Figure 2 ). This indicates 
Figure 1-Microstructure of the EN C70 pearlitic steel
Elastoplastic behavior modeling. To interpret the experimental results related to the individual behavior of phases and macroscopic tensile curves, different elasto-plastic models were used and compared: Reuss, Voigt, and self-consistent model. For the self-consistent model, calculations were carried out for 10,000 inclusions representing the grains of ferrite and cementite. It was assumed that ferritic crystallites are deformed plastically due to slips on the <111> {211} and <111> {110} systems, while the cementite grains are deformed only elastically. The formulation of the selfconsistent elastoplastic model proposed by Berveiller and Zaoui [8] and developed by Lipinski and Berveiller [9] was used in our calculations. In this model the interaction of ellipsoidal inclusion with the homogenous medium is described by the Eshelby-type tensor.
For the ferrite phase in the elastic range of deformation, the comparison between calculations with the three chosen models and our experimental results shows a good agreement only in the case of the self-consistent model. The Voigt model assumes homogeneous deformations does not consider the elastic anisotropy and do not agree with the experimental results. In the case of the Reuss model (assuming homogeneous stresses) the effect of anisotropy was overestimated. For the cementite, also the self-consistent model gives the best range agreement but significant differences are observed in the slopes of the curves for different hkl reflections. The calculations for ferritic phase were performed using elastic constants given in Table 4 . However in the case of cementite the best agreement between experimental and theoretical values was obtained when 80% of ab initio values shown in Table 4 were used in modeling. Two different assumptions concerning macroscopic polycrystalline aggregate were considered: one phase and two phase materials. The comparison between these assumptions did not show any difference due to the similar elastic behavior of the ferrite and the cementite.
Until a small range of plasticity, up to 700 MPa, the classical self-consistent model is still valid and a good agreement between experimental and calculated results are obtained using 80% of ab initio elastic constants for the cementite [10] (Fig. 3) .
For large plastic deformation, the self-consistent model does not predict correctly the stress partitioning between the phases as well as the macro behavior of the studied steel (Fig. 4a) . Therefore a mixture model is proposed in this study to better take into account the interaction between the phases (Fig. 4b ). In this model the strain rate concentration tensor A ijkl relating macrostrain rate ̇ with strain rate at the polycrystalline grain ̇ : ̇=̇ and where is the concentration tensor calculated using self consistent method, is the unit forth range tensor representing Taylor model in which the strain is homogenous, while x represent fraction of the Taylor model used in the calculations.The variable Taylor fraction x% in this model is adjusted to account for the different phenomena occurring during the tensile test: the strong phase interaction (i.e. x=0.2) appeared from the beginning of the ferrite plastic deformation followed by a softening stage (decreasing x-value) for very high range of plastic deformation. The strong interaction can be attributed to the localization of dislocations around the cementite particles and dislocation pile up phenomenon. The decrease of this interaction in the followed stage may be attributed to the rearrangement of dislocations and the fragmentation of cementite when the cracking is initiated. This mixture model was tested successfully for a large plastic range as shown in Fig. 4b and 5. A good agreement was found between experimental results and the mixed model calculations as well for the macroscopic behavior of the pearlitic steel (Fig. 5b) as for the evolution of lattice strains vs applied macro stress Σ 11 , for the different reflections of the ferrite (Fig.5a ) and cementite (Fig.5b) .
Table 3-Single crystal elastic constants of ferrite used in modeling

C11
C44 C12
[GPa] 231 116 134 
Conclusion
Synchrotron X-ray diffraction measurements were applied to study the evolution of lattice strains in both phases (ferrite and cementite) of EN C70 pearlitic steel containing 12.5 (vol%) of cementite lamellae under tensile loading. Diffraction was performed for numerous reflections, in order to evaluate the effect of microstructural anisotropy, as well as the load partitioning between ferrite and cementite during tensile test. It has been demonstrated that in elastic range cementite and ferrite are loaded similarly and there is no load transfer due to their nearly equivalent Young modulus. However at the plastic range, load is transferred gradually from ferrite to cementite. The effect of elastic/plastic anisotropic occurs in different deformation ranges. To reproduce the experimental results related to the individual behavior of phases and macroscopic tensile curves, different elasto-plastic models were used and compared. The classical self-consistent model presented a good agreement for elasticity and small plasticity. A mixture model "(1-x)*self-consistent model + x*Taylor" was tested successfully for a larger plastic range.
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